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RAND RESEARCH MEMORANDUM
A REVIEW OF BINARY BOUNDARY LAYER CHARACTERISTICS

J. F. Gross D. J. Masson
J. P. Hartnett 0. Gazley, Jr.

RM-253-6 - June 18, 19;'q

For several years RAND has investigated means of applying principles of
mass-transfer and ablation cooling to problems of atmospheric re-entry
and to the design of efficient hypersonic flight vehicles. In connection
with ablation cooling, this research memorandum examines the binary
boundary-layer problem. The study should make possible more rapid and
reliable estimates of surface-cooling methods for use with hypersonio
vehicles, much as intercontinental ballistin missile nose cones.

A binary boundary layer is one in which some foreign substance has been
injected to alter the properties of the flow, notably its heat-transfer
characteristics. Several methods available for accomplishing this
injection, or mass transfer, are the transpiration of gas through slots,
and the ablation or sloughing away of surface particles.

The mechanism of laminar binary boundary layer flow is discussed in
mathematical terms# and five different analyses involving a variety of
injected substances are reviewed. Generalized expressions are then developed
for predicting heat-tranefer and skin-friction performance in the presence
of mass-transfer cooling for laminar flow over a flat plate. The results
indicate that different foreign materials (for example, hydrogen, carbon
dioxide, and iodine vapor) injected into the boundary-layer stream reduce
heat-transfer and skin-friction coefficients by an amount which depends on
the molecular weight of the injected material. In conclusion, mass-transfer
cooling in a turbulent boundary layer and sublimation cooling are considered.
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SUMMARY

The purpose of this report is to examine the several theoretical

analyses of laminar and turbulent binary boundary layers. A generalization

of the different theories leads to simplified expressions for the heat

transfer and friction in both laminar and turbulent binary boundary

layers. The results indicate that the effects of different foreign

materials are primarily dependent on their relative molecular weights.

The importance of the injection of foreign materials to the stability

characteristics of the flow is discussed and experimental results seem to.

show non-transitional flow for moderate injection rates even with light

gases.

Sublimation cooling is treated and typical numerical results are

presented for three materials: ice, carbon dioxide, and ferrous chloride.



RM-2516
v

CONTENTS

SUMM1ARY a.. . . . . . . . . . . . i0

LIST OF FIGURES ....................... vii

SYMBOLS . . . . . . . . . . . . .. ix

Section
It INTRODUCTION. ...... . . . . ... 1

II. BINARY LAMINAR BOUNDARY LAYER THEORY........ 7

I1X. REVIEW OF AVAILABLE BINARY LAMINAR BOUNDARY LAYER
ANALYSES ............. . .... . • • • 1.

Constant Property Analysis ........ ... 13i
Analysis of Baron . . ...... ..... 22
Analysis of Eekert and Co-workers ....... . . 28
Analysis of Szikas and Banas *... .6 . . . . . 31
Analysis of Gross o. . . .... . .... . .a • 33

IV. GENERALIZED PRESENTATION OF LAMINAR FLAT PLATE
BINARY BOUNDARY LAYER RESULTS . . . . . . . . . . . 37

V. EFFECT OF PRESSURE MADIENT ON LAMINAR MASS-TRANSFERCOOLING o..... . • s o o. . . .o o s. 49

Vl. STAB2IITY OF THE LAMINAR BINARY BOUNDARY LAYER. . . . 55
Theoretical Studies .......... . . .. . . 55
Experimental Studies . . . . . . .......... 62

VII. MASS-TRANSFER COOLING IN A TURBULENT BOUNDARY LAYER . 65

VIII. STBLI4ATION COOLING . . .. 75

Appendix
A. ADDITIONAL VERIFICATION OF THE DDIENSIOWLESS

PRESENTATIONS . . . . . . . . . . . . . . . . . . . . 81.

B. REATION BETM.E WALL CONCENTRATION AND MASS-TRANSFERPARMEE s a o o a. . . . .o o o o a a o. 89
C, ON THE USE OF MASS-TRANSFER RESULTS FOR PREDICTION

OFC EATTRANSFER.... *. o a * .s . .o o a .* 95

IEWERENCESo ... . . . . . . .o... . . & . • . . 97



RM-2516

LIST OF FIGURES

I. Various cooling methods... .................................... 3

2. Flat plate, solid wall, no mass transfer..................... 12

3. Flat plate, mass transfer... ................ ... ....... 13

4. Effect of air injection on velocity profile.................. 17

5. Effect of air injection on local skin friction................ 18

6. Effect of air injection on local Nusselt number............... 19

7. Effect of air injection on recovery factor.................... 21

8. Effect of mass transfer on modified Reynolds analogys....,.... 23

9. Helium results of Baron...... ............... .. .............. 27

10. Effect of light gas injection on laminar velocity profiles.... 29

11. Effect of light gas injection on skin friction..•............. 30

12. Effect of hydrogen injection on laminar heat transfer......... 32

13. Variation of laminar heat transfer with helium injection ...... 34

14. Friction coefficient as a function of the blowing parameter... 35

15# Effect of mass transfer on skin friction; hydrogern-aire...... . 38
16. Effect of mass transfer on skin friction; helium-air .......... 39

17. Effect of mass transfer on skin friction; seum-aiyr.......... ...

18. Effect of mass transfer on Stanton numberfc on s.. .............. 4

19. Effect of mass transfer on recovery factor..................... 43

20. Effect of mass transfer on heat transfer; hydrogen-air ........ 24

21. Effect of mass transfer on heat transfer; helium-air. ........ 2.5

22. Effect of mass transfer on heat transfer; helium-ary. 6........ 46

23. Dimensionless mass-transfer parameter versus molecular weight
of coolant gas ....... .......... . .......... .... .... ... .... .... 248

24. Effect of air injection on heat transfer and skin-friction
coefficient ..... ................ 0. .......0000... 50



RM-2516
viii

25. Effect of pressure gradient on mass-transfer cooling....... ... 52

26. Effect of pressure gradient on mass-transfer cooling............ 53

27. Effect of mass transfer on the minimum critical Reynoldsnumber .. . . . . . . . . .. .. .. ... 0. .. .. .. .. .. ... . . . . . ... ..... a0. . .....aa 6a 5 7
28. Effect of helium injection on cooling required for complete

boundary layer stability .................................... 60

29. Effect of mass transfer on boundary layer transition .......... 61

30. Effect of mass transfer on heat transfer, turbulent flow ...... 67

31. Predicted and measured skin friction for air injection into
a turbulent boundary layer on a flat plate ................ .... 68

32. Recovery factor for air injection into turbulent boundary
layer on a flat plate......................................... 70

33. Prediction of skin friction for foreign gas injection into a
turbulent air boundary layer on a flat plate.................. 71

34& Effect of mass transfer on heat transfer, turbulent flow...... 72

35. Turbulent mass-transfer parameter versus molecular weight of
coolant ga .... ..................... .. 7

36. Subliming systems: wall temperature versus mass-transfer

parameter.......... ..... .78

37. Effect of mass transfer on skin frictions.................. 82

38. Effect of mass transfer on heat transfer............. ........ 83

39. Effect of mass transfer on Stanton number..................... 84

40. Effect of mass transfer on Stanton number ..................... 85

41. Effect of mass transfer on recovery factor.................... 86

42. Effect of mass transfer on recovery factor.................... 87

43. Wall mass fraction versus dimensionless mass transfer......... 90

44. Wall mass fraction versus dimensionless mass transfer ........ 91

45. Wall mass fraction versus dimensionless mass transfer ......... 92

46. Wall mass fraction versus dimensionless mass transfer;
s ry.. .,.a... a... ...... .. ... .. ... . .... 93

47. Effect of mass-transfer rate on the mass-transfer Stanton
n r... . .....0 ..... * .... ................ 0.0 .0 96



RM-2516

ix

SYMBOLS

C Chapman-Rubesin parameter defined in Eq. (17)

C local skin friction coefficient
f

C f local skin friction evaluated for solid wall exposed to some
o free stream conditions and held at same temperature as the

actual wall

CH local heat-transfer Stanton number, q/peep e (T - T )

C H local Stanton number evaluated for solid wall exposed to same
0 free stream conditions and held at same temperature as the

actual wall

CM mass-transfer Stanton number, •i/peUeYw

op specific heat at constant pressure

cv specific heat at constant 'volume

D 1 ordinary diffusion coefficient

f dimensionless stream function

So gravitational constant, 32.2 ibmft/lbfeec2

H enthalpy associated with change of phase

h heat-transfer coefficient, Eq. (19)

k thermal conductivity

m refers to wedge flows, where free stream velocity, u , varies
as e0

ml molecule weight of coolant gas

mk2 molecule weight of pure air

m ratio of molecule weights, ml/m 2

mx mass flow rate of coolant gas at position x along the surface

p pressure

P1  partial pressure of coolant gas

q local heat-transfer rate per unit area, kw(dT/dy)w
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qo local heat-transfer rate per unit area evaluated for solid wall
exposed to same free stream conditions and held at same
temperature as actual wall

R universal gas constant

r recovery factor

T temperature

Tr recovery temperature, defined as the wall temperature where
kw(lT/ay)w - 0

T* reference temperature defined in Eq. (9)

U comr-nent of velocity parallel to surface

ui defined in Eq. (23)

v component of velocity normal to surface

x coordinates along the body

Y mass fraction of coolant gas

y coordinates normal to the body

Greek §ymbols

a. condensation coefficient

7 ratio of specific heats

5* displacement thickness, Eq. (22)

1 transformed coordinate defined in text

e dimensionless temperature

X defined in Eq. (17)

A dynamic viscosity

v kinematic viscosity

p density

$ dimension mass fraction

4 stream function
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Dimensionless Numbers

M Mach number, ratio of local speed to local speed of sound

Pr Prandtl number, .C•/k

[emin, minimum critical Reynolds number based on 8*, ue B*/ve

Re local Reynolds number, UeX/ve

Sc Schmidt number, / '12

Subscritts

S1 refers to pure coolant

2 refers to pure air

e evaluated at outer edge of the boundary layer

r refers to recovery conditions, i.e., where k(6T/ay)w - 0

v evaluated at vall conditions

x refers to locaL conditions

yj evaluated at yt as defined in Eq. (23)

Swerscritp

* evaluated at the reference temperature, Eq. (9)
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I. INTRODUCTION

Recently, the alleviation of the high heating rates encountered by

surfaces of hypersonic vehicles has been recognized as an important

problem. One of the cooling methods that appears to have great ultimate

promise is mass-transfer cooling, wherein a "foreign" material is

transferred frem the surface into the boundary layer. This has a two-

fold advantage in alleviation of the heat-transfer problem. The trans-

ferred coolant may absorb heat from the boundary layer through a phase

change (sublimation, evaporation, melting, eta.) and/or by acting as a

dispersed heat sink. It will be advantageous, therefore, to employ

coolants with high heats of sublimation (or evaporation, melting, eta.)

an well as high thermal heat capacities. In addition, it has been

shown that the introduction of a material (with its normal velocity

component) at the surface acts to decelerate the flow and consequently,

to reduce the skin friction. This also implies a reduction in heat

transfer at the wall.

The usual boundary layer equations are complicated by the appearance

of (a) an equation defining the conservation of the species at any point

in the boundary layer, and (b) transport terms which result from thermo-

dynamic coupling coefficients such as the thermal diffusion coefficient.

There are a number of methods for effecting the inJe.tion of a

foreign material into the boundary layer, and the following descriptions

have been advanced to describe specific mass-transfer cooling schemes

1. Transpiration cooling

2. Film cooling

a) using liquid as a coolant
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b) uning gas as a coolant

3. Ablation

a) sublimation

b) other ablation phenomena, such as melting, erosion, fusion,

etc.

These schemes are diapramatically shown in Fig. i.(I)* With the

exception of film cooling with a gas, these methods all involve the same

mechanism in the gaseous phase of the boundary layer. However, there is

a difference in the boundary conditions at the wall which distinguishes

the three methods from a thermodynamic as well as a mechanical viewpoint.

Transpiration cooling involves the introduction of a coolant gas through

a porous surface. Consequently, the rate of fluid injection through the

surface and into the boundary layer my be arbitrarily adjusted 'by

purely mechanical means and the temperature at the surface may thereby

be regulated depending upon the injection rate and storage temperature of

the coolant gas. It should be noted that a transpiration-cooling system

requires pumps, storage tanks, pressure regulators, and accessory

plumbing. In addition, the fabrication and maintenance of porous surfaces

represent a difficult engineering problem.

A film-cooling system involves pumping a liquid or gas onto the

surface through an inlet slot configuration such that a thin film of

the material covers the surface. This acts as an insulating coating and,

in the case of a liquid, absorbs heat in its vaporization. These systems

are usually limited by such characteristics as the stability of the

*Figures in parentheses refer to references presented at the end of
the text.
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Various cooling methods

Hot gas - Hot gas0_ r oll ..
" . j/A.'/VA VlA FA /K

Coolant Coolant

Film cooling Transpiration cooling

Hot gas----'

Liquid

Liquid film cooling

Hot gas H Hot. gas a

Solid Solid k-Liquid

Ablation cooling

Fig. I- Various cooling methods
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liquid film and the pumping power available° Film-cooling systems

require essentially all the plumbing and control equipment of a trans-

piration-cooled operation) however, the surface construction is

mechanioally simpler.

A sublimation-cooling system in self-controlled through the

relation between the vapor pressure and surface temperature of a solid,

the Clauslus-Clapeyron equation:

ln p 1  T+D Bx

vhere

pl vapor pressure of subliming material

R universal gas constant

He - heat of sublimation per mole

B - constant of integration

Heat is absorbed by the material as it sublimes. Thus, the heat transfer

into the interior is reduced in two ways: (a) direct absorption in the

form of heat of sublimation, and (b) reduction of heat transfer because

of the movement of the sublimed mass away from the surface. The mass

release at the surface dependd upon the heat of sublimation and the

temperature of the surface. Furthermore, the surface temperature can no

longer be arbitrarily controlled and, in fact, will always find 'its own

level" depending upon the heat load, heat of sublimation, and the

external flow situation. It should be noted that film cooling with a

liquid is essentially a sublimation process provided that the surface is
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completely covered by a liquid layer.

In addition to sublimation, more complex ablation cooling schemes

may be visualized. Depending upon the surface material and the flight

conditions, it is possible to have such phenomena as fusion of the

surface material, mechanical erosion, dissociation of both air and

surface material, ionization, and chemical reactions between the cas"oN.

nents in the boundary layer. The obvious complications involved in an

analysis of these complex ablating systems have prevented any really

accurate description of the mechanism.

There is another method of classifying these systems which =ay be

helpful conceptually; i.e., by specifying the method of controlling the

rate of injection. In the case of transpiration cooling, as we have

seen, the rate is arbitrarily controlled depending Won certain mechanical

requirements such as the porous surface and pumping power available, This

may be considered an arbitrarily controlled system. For a subliming or

ablating surface, however, the rate of injection is determined by the

heat of sublimation and the surface temperature. For a set of flight

conditions and a surface material, the steady-state injection is fixed

thermodynamically. We may call this a self-controlled system. Film

cooling may be considered a mixed system, with the rate of mass transfer

into the boundary layer being self-controlled, but the flow rate of

liquid or gas over the surface remaining arbitrary.
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II. BINARY LAMINAR BOUNDARY LAYER THEORY

(7))
Baron,12,3) Eckert, et al., (4,5,6) Sziklas and Banas,(7) and Gross(8)

have investigated theoretically the problem of mass-transfer cooling in

the laminar boundary layer on a flat plate. The introduction of a

.species conservation equation as well as the appearance of thermodynamic

coupling terms in both the species and energy equations conplicates the

mathematical analysis of the boundary layer.

The equations have been derived by Hall~g) who first treats the

multicomponent fluid system and then from an order-of-magnitude argument

obtains the boundary layer equations for a binary boundary layer. The

final binary boundary layer equations for flow over a flat plate, neg-

lecting the effects of thermal diffusion may be reproduced as follows:

Continuity: 8 a (2)

M.omentumi: PU + u PA (Pu)()

Energy: POPu ýT PC v~ LT ,y (kyT

+ ,(au)2 + p D1 c 1 - c L2 T Yyay ~~ 12p p y a y

Species: pUjL + PV L D (D

The boundary conditions for this system of equations follow from

physical considerations:
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ST at y 0 (6)

u• ue I(7)
T Te at y-- 00

Y o

Since we are concerned with a seventh-order system cf equations,

another boundary condition must be specified. This condition may be

obtained by noting that the mass velocity of the air molecules disappears

at the surface of the plate; that is to say, there is no net mass transfer

of the boundary layer air into the plate surface. Therefore, the mass

flow of air by convection away from the surface must be equal and

opposite to the diffusive flow of air toward the surface. This consid-

eration yields the following boundary condition:

pD12  aY
v T aty=o (8)

This system of Eqs. (2) - (8), forms the starting point for the

various investigators cited above. In all cases, a transformation of

the coordinates is next introduced with the result that the system of

partial differential equations is changed into a new set of interdependent

ordinary differential equations. This system of equations is still

difficult to solve since, in general, all of the physical properties are
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functions of the local temperature and concentration of the particular

gas mixtures being investigated. To obtain a representative number of

solutions in a reasonable time requires the use of high-speed electronic

comuters. Although the same basic system of differential equations was

used by the various investigators(Eqs. (2) - (8)), somewhat different

assumptions were imposed to obtain the final solution. A brief review

of the available analyses is given below.
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III. REVIEW OF AVAILABIE BTNARY LAMINAR BOUNDARY LAYER ANALYSES

CONSTANT PROPERTY ANALYSIS(1O)

Considerable insight into the mass-transfer cooling process is

obtained if it is assumed that the injected coolant has physical

properties not markedly different from those of the main stream, thereby

permitting the assumption of constant physical properties. The advantage

of such a constant property solution is that the dimensionless heat-

transfer and skin-friction results are dependent on a minimum number of

parameters. This is indicated in Figs. 2 and 3 which compare the

dimensionless quantities which are of imortance for the solid-wall,

heat-transfer case and those arising in the presence of mass transfer.

For the solid wall, it has been demonstrated•II' that the constant

property solutions for dimensionless skin frictiono Nusselt numbers, and

recovery factors have additional value in that they may be used even

when large variations in physical properties are encountered (including

dissociation), provided the properties are evaluated at a so-called

reference temperature, T*, which may be given explicitly in terms of the

surface, the free stream, and the recovery temperatures:

T* = To + 0.5 (TVw Te) + 0.22 (Tr - Te) (9)

It will be demonstrated that this temperature, T*, will also prove of

value in correlating the mass-transfer results.

It should be noted from Fig. 3 that the heat transfer, q, is defined

in terms of the temperature gradient at the wal!. This definition is
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q -kw (aT)

FOR GIVEN FREE STREAM CONDITIONS

=TwT WHEN -k (4T ) 0
w r

Tr a Tr (MeTe)

DEFINITION OF HEAT-TRANSFER COEFFICIENT, h

q h (Tw-Tr)

N u hx
k

Nux f (Me ,Te,Tw)

Nux

CONSTANT PROPERTIES, (Pr)

Tr = Tr(pr)

Fig. 2- Flat plate, solid wall, no mass transfer



RM-2516
13

FOR GIVEN FREE STREAM CONDITIONS

TwuTr WHEN -kw (T) 0( )w
Tr Tr Me Te, e INJECTED GAS

DEFINITION OF HEAT-TRANSFER COEFFICIENT, h

q h (Tw-Tr)
h x

Nu kxk

Ne eTe ITwI /R-e INJECTED GAS)

/Re Pe UeN~u
CONSTANT PROPERTIES, - zf (Pwvw v. e

Tr er wg A/Rex Pr)

Fe Ue
Fig. 35 - Flat platse moss transfer
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convenient in that this quantity, q, represents the convective heat

transferred to the surface from the boundary layer, and in this sense the

boundary layer heat transfer is considered separately from the enthalpy

carried across the surface by the coolant* To be consistent with this

point of view, the recovery temperature, Tt., is defined as that temperature

where the wall-temperature gradient vanishes; in this case there still

exists a transport of enthalpy across the surface, by virtue of the

coolant flow, but there is no convective heat transferred to the wall

from the boundary layer.

Returning to the solutions of Eqs. (2) - (8) it is obvious that

the energy equation is linear and consequently, the general solution of

the complete equation may be obtained from the addition of (a) a general

solution of the homogeneous equation (that is, neglecting the dissipation

term) and (b) a particular solution o0 .he complete equation. The par-

ticular solution results in the specification of the recovery factor, a

direct measure of the temperature assumed by the surface if it is

allowed to come to equilibrium with the surroundings by convection alone.

We need, therefore, only to direct our attention to the general solution

of the homogeneous equation. To accomplish this solution, a stream

function, 4,, is first introduced to satisfy the continuity equation, and

a new independent variable, i , and the new dependent variables defined

below are substituted into the original equations:

Stream function: u v (10)a x
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*-(T - TV)/(T - TV)

The fofloving equations results2

mcmentml f (12)
2i nf

Eno _gs L Prt O f(i3)

Diffuswion d2 ')0
dip 2  dit&7.

Boundar'y conditions3

df

a 0

00

- -2(vv/u.) Vfiex7i
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df --i1

e l J at 1 O (16)

An important observation ccmnon to all flat-plate binary laminar

boundary layer solutions is that the mass transfer into the boundsry

layer must vary as i/ 4/i if we are to arrive at a system of ordinary

differential equations. Further, we have assumed an isothermal surface

and it will be shown that this is completely compatible with the imposed

mass-transfer distribution.

The velocity profiles for the constant property mass-transfer system

are shown in Fig. 4 for several different injection rates. Inspection

of these profiles brings out the following conclusionst

1. The effect of mass addition is to thicken the velocity boundAry

w.yereo

2. The velocity profile becomes S-shaped with mass addition, andr

since this is known to be an unstable type of profile, it may be concluded

that mass transfer is destabilizing.

3* The boundary layer "lifts off" the wall at a relatively low

value of mass transfer; i.e., at (Pv,/Peu) .V'* e X/,, - o.619

Apparently the boundary layer equations fail to describe the flow field

at this mass-transfer condition.

The skin friction coefficient and Nusselt number, presented in

Figo. 5 and 6, are seen to decrease with increasing mass transfer, both

going to zero at the limiting value where the boundary layer "leaves"
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I .0

0.8

0.6 -Flat plate-constant

properties, lamilnor flow

0.4
Pw Vw

0 0.25 0,5 0.6 uu

0.2
0.619

0
0 1 2 3 4 5 6 7

Fig.4-Effect of air injection on velocity profile
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0.35

0.30

Flat plate-constant properties
laminar flow

0.25

0,20

0,15

0.10

0.05

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Pwvw

Dimensionless mass transfer, Pu/--"

Fig.5-Effect of air injection on local skin friction
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0.35

Fiat plate -constant properties -Pr =0.7

0.30 Constant wall temperature
Lamirnar flow

0.25

0.20

0.15

0.10

0.05

0
0 0,1 0.2 0.3 0.4 0.5 0.6 0.7

PI V, R
Dimensionless mass transfer, PI u's

Fig. 6- Effect of air injection on local Nusselt number
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the wall. The recovery factor, shown in Fig- 7, is somewhat reduced by

mass transfer but not as markedly as the Nusselt values. At hypersonic

velocities the actual heat transfer to the surface is proportional to the

product of the Nusselt number and the recovery temperature, and we

conclude that a considerable reduction in heat transfer is obtainable

with modest amounts of coolant. This is the feature which has drawn

attention to this cooling scheme.

It may be noted that the heat-transfer solutions reveal that the

looal heat rate, q,' is proportional to 1/,/5, which is precisely the

distribution of the injected coolant. A simple heat balance on a

sublimation or transpiration system yields the following expressions

&H+cP (TVT) -T' LX

"Edge" of boundary layer

SSurface at TW

Coolant leaves
surface at Tw

k:, \ •i J/ /t/
rh, Coolant enters at T,

where

m- mass flow rate of coolant

AH = change in enthalpy due to phase change

apl - specific heat of the pure coolant
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1,0

0. 8

0 0.6
U.

0

•, 0.4
U

Fig 7 Flat plate - iconstant propertiesc- Pry 0,7
Laminar flow

0.2

0 I I iI
0 I 2 35 4 5 6

Dimensionless mass transfer, P

FIg, 7--Effect of air injection on recovery factor
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Thus for the situation where the coolant enters the wall at a constant

temperature, Ti, or if the surface is subliming, the resulting wal.

temperature must be a constant. We have, therefore, demonstrated the

consistency of the assume& boundary conditions.

It may be of interest to investigate the validity of the moifned

Reynolds analogy (which holds for solid-wall conditions) under the new

conditions when mos transfer is employed. If the analogy is valid, the

parameter (C. Pr2/,) ; (of/2) would equal unity. As seen in Fig. 8S

considerable departure occurs and we conclude that, at least for this

constant-property laminar flow) the modified Reynolds analXo does not

apply in the presence of mass transfer.

AXALySIS Op BMON(2, 3)

Baron vas successful in introducing the influence of variable

pbysical properties on mass-transfer cooling, while at the sao= time

keeping the number of independent parameters at a r~nimum. To acacolish

this, be adopted an approach similar to that used earlier by Chapman and

Rubesin(13) for the solid flat plate. Baron introduces the so-called

Chapman-Rubesin constant, C, for the product of the density and viscosity

of the air only. He notes:

"Pepe Peg/s P2 42

vhere

C - (pC2p (Pee Chapman-Rubesin constant for air only
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N= 1£E = _ + ( I ] 1

P2ý12  142 J,

The factor, C, is independent of the concentration, while the other

factor, X, is a function of both temperature (through •/p2) and

concentration. However, for helium and carbon dioxide, the gases

considered by Baron, the viscosity term g/ 2 is relatively insensitive

to temperature and is primarily dependent on the concentration*t Conse-

quently, Baron assumes that ) is a function only of concentration.

Using this assumption, Baron presents two approaches:

Approach 1

Baron introduces

Pe Pe

P 8y P aX

xef P- dy (8

0

-Vvex uC f (7

Using these transformations along with the additional assumption that the

Schmidt number is a function only of concentration (an independent check

shows this to be a realistic assumption), Baron obtains a set of three

ordinary differential equations, similar in form but more complex than

Eqs. (12) - (16). The net result of these substitutions is that none of

*This assumption is valid for hydrogen as well.
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the terms appearing in the momentum andr diffusion equations are dependent

on temperature and consequently these two equations may be solved

simultaneously, but independently of the energy equation. Using this

approach Baron obtains the velocity profiles, the concentration profiles

and the skin-friction parameter, cf Af7WC, as a function only of the

mass-transfer parameter (PV"w)/(PeUe) V/ue x/Ie0  . Any temperature

effect in completely contained in the constant C.

The energy equation remains to be solved, and Baron reports that

all the coefficients appearing in this equation were only mildly affected

by temperature, allowing the assumption that all coefficients are

functions g of concentration. This is a considerable simplification

for now the energy equation is linear in temperature, since all coeffi-

cients are known functions of the dimensionless parameter, pil, by virtue

of the previously obtained solutions of the momentum and diffusion

equations.* As in the constant-property situation) the resulting

energy equation, being linear, may be solved by first treating the non-

dissipative case and then adding the adiabatic-wall solution. It

follows that the low-speed non-dissipative heat-transfer coefficients

may be used. for the high-speed case if the adiabatic-wall temperature

replaces the free-stream temperature in the definition of the heat-

*There appears to be an error in Baron's final energy equation in

Ref. 2. This results when he replaces u? W (,Y - 1) o,2 M 2 rather than

the corret expression (Yo - 1) op . Consequently, thealeft hand

side of Baron's energy equation 63!5 should be multiplied through by

ap2/CP to get the correct form.
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transfer coefficient

q - h(T r - Tý) (19)

The recovery temperature, Tr, determined from the adiabatic-wall

solution, is reported in terms of a recovery factor, r, which for a

given injected gas is a function only of the mass-transfer parameter

(PwVw / P.ue) U e In addition to the recovery factor, Baron

also presents dimensionless heat-transfer coefficients for two binary

systems, helium-air and carbon dioxide-air mixtures.

The second approach used by Baron is not as realistic as the above

and will be mentioned only briefly. In this case he assumed that X is

a constant to be evaluated at wall condition and the following trans-

formations are then applied to Eqs. (2) - (8):

Approach 2

eP

u- Ru'K ' f ('7)

Baron obtained seoie representative selutions for this simklified

case and compared them with the more realistic case outlined above. This

comparison is shown for helium injoction in Fig. 9 and the agreement is

only fair.
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In a later publication(3) Baron generalizes his analysis to include

the influence of pressure gradients. In addition, he presents a summary

of his flat-plate results.*

ANALYSIS OF ECKERT AND CO-WORKERS(4' 5, 6)

Before attempting the complete binary problem including heat transfer,

Eckert and Schneider first solved the isothermal case with hydrogen as

the injected gas. The physical properties were allowed to vary with

concentration and the methods outlined in Ref. 14 were used to calculate

the variation. The resulting velocity distributions and skin friction

are compared to the constant property results in Figs. 9 and 10. This

comparison reveals that unstable S-shaped velocity profiles occur at

relatively low values of the dimensionless mass transfer when compared

with the constant property situation. The greater influence of a light

gas on skin friction is obvious in Fig. 11, where at the same values of

dimensionless mass transfer considerably lower skin friction occurs for

the hydrogen injection. We, therefore, conclude that the light gas is

more effective in reducing skin friction but on the other hand is more

de-stabilizing to a laminar boundary layer. This will be demonstrated

in a later section.

In the analysis of the binary system including heat transfer,

again using hydrogen as the mass-transfer medium, Eckert and his

colleagues used the following transformation in dealing with Eqs. (2) - (8):

*Care should be taken in using this reference since there is some
confusion in nomenclature. The mathematical development utilizes a some-
what different transformation from that used by Baron in Ref. 2, although
the figures are all shown in terms of the original variables of Ref. 2.
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Le a* Pe
P ~V pJ

.The trsasformed. equations were then solved using the best available

property information for byLrogen-air mixctures * These exact solutions,

which were obtained using an iterative proeedure on an ERA 2.103 eleietronio

conputer, are valid only for the specific conditions selected. (Bee

11gs. 2 and 3. ) An example of these results ii shown in Fig. 12 where

the dimensienless heat-transfer coefficients are shown for sero Mach

numiber for two different wall-temperature conditions with the free

stream at 392°R. Additionally, for Mach 12, the Nusselt number and

recovery temperature, both of which must be known to determine the heat

transfer, are shown for a set of specific conditions. In every case we

find a considerable reduction in the heat transfer when only small

amounts of hydrogen are transferred avay from the wall into the boundary

layer. The effectiveness of light-gas injection in decreasing the heat

transfer in a iiigh.speed boundary layer is obvious from this figure.

ANALYSIS OF 6ZIIGAS AN A•S7

Sziklas and Eanas report solutions for a number of different

coolants: hydrogen, helium, water vapor, and air. In atriving at the

final form of the eneroy equation they asoumed that the specific heat
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ratio, 7, is the same for the injected coolant as for the main stream gas

(71 = 72). They then use the standard Blasius q -transformation

essentially as given in Eq. (ii). In obtaining their solutions, the

physical properties (including specific heat) were allowed to vary with

both temperature and concentration. Methods of kinetic theory were used

in the determination of these properties. As was the case with the

results of Eckert, the results of Sziklas and Banas are applicable only

to the specific conditions imposed in the anlysis. Representative

results for the helium study are given in Fig. 13, where, again, large

reductions in heat transfer accompany small mass-transfer rates.

ANALYSIS OF GROSS( 8 )

The isothermal laminar binary boundary layer on a flat plate was

investigated by Gross(8) for three different injectant gases: hydrogen,

carbon dioxide, and iodine vapor. To obtain a solution of the governing

equations (Eqs. (2), (3), and (5)), Gross used the standard Blasius

transformation to arrive at a system of ordinary differential equations.

These were then solved using a Runge-Kutta numerical method with the

aid of a high-speed electronic computer.

The resulting values of the skin-friction coefficient for the three

gases investigated are shown in Fig. 14. These results demonstrate that

the addition of a heavy gas such as iodine vapor (molecular weight 253.8)

is much less effective in reducing the skin-friction coefficient than the

addition of the lighter gases.
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IV. GENMPALTZED PREENTPATION OF LAMINAR FLAT PLATE

BINARY BOUNDARY LAYER RESULTS

It is our goal in this section to develop a generalized presentation

which may be conveniently utilized by design engineers for predicting

skin friction and heat transfer in the presence of mass-transfer cooling

for laminar flow over surfaces with zero pressure gradient, The avail-

able analytical solutions briefly described above are used as the basis

for the generalization. Since heat transfer and skin friction for solid

surfaces in the absence of mass-transfer cooling can be cale'lllated at

the present time with a measure of confidence, the approach adopted here

is to present the correction factors which must be applied to such solid

wall calculations to account for the effect of mass addition. Thus the

normalized skin-friction coefficient and heat transfer will be given as

cf/Cfo, and q/qo, respectively, where the subscript zero implies that the

quantity is to be evaluated for the same free-stream and wall-temperature

conditions, neglecting the influence of mass transfer.

It was found that these normalized results for any one gas could be

presented as a unique function of the mass-transfer parameter proposed

by Baron, (pw v/Pe Ua) -/ ,/;eC*, provided that the Chapman-Eubesin

constant, C, was evaluated at the so-called reference temperature, T*,

given by Eq. (9). The success of this generalized presentation for skin

friction is demonstrated in Figs. 15 and 16 which apply to hydrogen-air

and helium-air binary systems, respectively. It appears that this

representation is valid over a wide range of wall-temperature conditions

and free-stream Mach numbers. This conclusion is true for the othor

binary systems as well. and the reader is referred to Appendix C for
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verification cf this conclusion. A summary of available skin-friction

results for six gases is given in Fig. 17.

This same presentation was successful in correlating the normalized

Stanton number, with the final results as shown in Fig. 18. Since the

determination of the actual heat transfer requires the knowledge of the

recovery factor as well as the Stanton number, the normalized recovery

factor is shown in Fig. 19. It may be seen that some disaveement

exists for the light-weight gases. Apparently the recovery factor is

somewhat more sensitive to the different assumptions, particularly

physical property variations, adopted by the various investigators. The

effect on the final heat-transfer prediction of this disagreement in

recovery factor is reduced if the normalized heat transfer is directly

considered rather than the Stanton number. The resultinAg normalized

heat transfer is shown in Figs. 20 through 22. It should be pointed out

that some effect of the disagreement in recovery factor is still present

in this presentation through the presence of 0*. However, for practical

applications the wall temperature in general will be markedly lower than

the recovery temperature; for this situation, inspection of the defining

equation (9) for T* reveals that any uncertainty in the recovery tem-

perature has only a minor effect on the reference temperature itself,

and consequently, only a minor effect on C*.

It is apparent from Figs. 17 and 22 that the light gases are much

more effective than the heavier gases in reducing heat transfer and skin

friction. Inspection of these figures indicates that the normalized

skin-friction coefficient cf/Cfo and heat transfer qJq vary linearly

with the dimensionless mars-transfer parameter for all the gases shown.
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In particular, the results for air into air may be expressed by the

following two equations:

qo- I - 1.82 {(pwvv/peu) (V'e 7 l'.)}

(22)

of/Ofo . - 2.08 {(Pww/P.Uo) (Q9,, 1/7a•)}

It is of te~hnical importance to determine whether the ether gaees

can be made to agree with these equations by the sinple expedient of

multiplying the Baron dimensionless mass-transfer parameter by a molecula

weight ratio (m/u), raised to a constant exponent. This question can

be answered by plotting the dimensionless mass transfer versus the mol-

ecular weight at a constant value of q/q0 (or af/Cfo). This is

accomplished in Fig. 23 where it is seen that 1/3 represents a fair

compromise for the value of the exponent although the very light gases

as well as the heavier gases such as iodine show a significant departure.

Recognizing that such discrepancies do occur for the heavier and light

gases, it nevertheless appears that the following equations represent

the heat transfer and skin friction reasonably well.

q/qO 1 -1.82 {(2m~~3(yww/peu ) (,/i-7*)}cf/fo .1 - e.0 {(m 2/m 1)1/3 ( vw/Pe,,) t 4 (, }

It is recommended that these equations be used to predict the heat-

transfer and skin-friction performance for mass-transfer cooling in a

binary laminar boundary Jayer on a flat plate.
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V. EFFECT OF PRESSURE GRADIENT ON LAMINAR

MASS-TRANSFER COOLING

Up to the present time, little effort has been directed to the

solution of the binary laminar boundary layer equations with finite

pressure gradients. However, a measure of the influence of a pressure

gradient on mass-transfer cooling can be obtained by returning to the

constant-property boundary layer model with normal injection (air-into-

air) since solutions have been reported in this case for wedge-type

pressure gradients (i.e., the free-stream velocity is described by

Ue - A )P). Examination of these solutions(15) reveals that the

presence of a favorable pressure gradient leads to more stable velocity

profiles and, consequently, it appears that larger values of the dimen-

sionless mass-transfer parameter, (pwvw/peue)V/Ki, may be obtained

without causing transition to turbulence. Furthermore, the skin-friction

coefficient remains finite in a favorable pressure gradient, with no

apparent failure of the boundary layer equations even for very large

mass-transfer rates. However, the heat transfer does decrease to a

diminishing value, with the thermal boundary layer being displaced from

the wall surface toward the free stream. An example of this skin-

friction and heat-transfer behavior is given in Fig. 24 for plane

stagnation flow ( m n 1), and it may be seen that the heat transfer

goes to zero at a value of the mass-transfer parameter of approximatelyp

2 (as contrasted to 0.619 for the flat plate), while the skin friction

is still approximately 40 per cent of its solid-wall value.

A direct comparison of the reduced heat flow, q/qo, for four
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different pressure gradients ranging from the zero pressure gradient

flat plate to the plane stagnation flow is given in Fig. 25. If a com-

parison is made at a fixed value of the dimensionless mass-transfer

parameter, it is apparent that the greatest reduction in heat transfer

occurs for the zero pressure gradient flat plate with the least reduction

accompanying the plane stagnation flow. Therefore, to obtain a given

reduction in heat flow, q/qo, it is necessary to go to higher values of

the dimensionless mass transfer as the pressure gradient increases.

Since there exists considerable interest in the three-dimensional

stagnation flow, Fig. 25 also presents the reduced heat transfer q/qo0

(16)for air injection into such a region

It finally remains to determine whether the relative position of

the various coolant gases found for the flat plate geometry is markedly

influenced by the presence of a pressure gradient. A recent analysis

by Hayday(7) for hydrogen injection into a plane stagnation flow leads

to the results shown in Fig. 26 and close inspection suggests that the

molecular weight parameter found for the flat plate, i.e. (M./ml)i/3, is

approximately valid for the plane stagnation flow.

As a result, it is suggested that air-into-air results be used to

predict the effect of pressure gradient on laminar mass-transfer cooling;

if a coolant other than air is transferred into the boundary layer the

relative effectiveness of the various coolants is to be estimated from

the flat-plate results. This is simply accomplished by using Fig. 25,

changing the abscissa to read (wV eU )(m2/m)/
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VI, STABILITY OF THE LAMINAR BINARY BOUNDARY LAYER

THEORETICAL STUDIES

The Tollmien-Schlichting theory of small disturbances has been

widely used to investigate the stability characteristiqs of laminar

boundary layers on solid surfaces and recently has been applied to

binary boundary layers. Essentially, this theory is a perturbation

analysis of the Navier-Stokes equations. Secular relationships between

the coefficients of the linearized perturbation equations define a

region in which disturbances of a given wave length are damped or

excited. A damped disturbance suggests that eventually turbulence will

occur.

Lin and Lees(18) have presented a stability analysis for a single-

component, compressible, boundary layer flow over a flat plate. The

computational effort required to define the coefficient relationships

is rather formidable. Consequently, some approximations have been

suggested by Lin(19) for the incompressible flow case and by Lees(20)

for the compressible flow case which will be adequate to predict the

minimum critical Reynolds number below which the Tollmien-Schlichting

disturbances of all wave lengths are dampedj hence, the flow should be

stable for Reynolds numbers below this value.

The simplified Lin approach yields the following criterion for

determining the minimum critical Reynolds number:

d(u/u%) ue

[ o~nr] - d(y/b*) (24
w*

where
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B* - f (. - . yf Pee
0

where ui is determined by examining the specific laminar velocity

profile which applies to the conditions uniler investigations; u, is

that local velocity existing at the position, y, such that the following

equation is satisfiedi

SL" u/d~y (y Ii d / j
0.-58 -4U [3oudr%±-] [uY)(~/~) 1  (25)

dy V(4u/ty),y

Recently Gross has suggested that the Lin equations (24) and (25)

be utilized as a first approximation for predicting instability in a

binary laminar boundary layer. (8) A comparison of the predicted minimum

Reynolds number for relative destabilizing effect should indicate

direction insofar as the different injection materials are concerned.

In the application of Lin's single component approximation to a binary

system, an isothermal boundary layer was assumed. Furthermore, the

amount of the injected material was considered to be so small that (a)

the boundary layer assumptions were not invalidated, and (b) the effects

of the injected material would influence the solution only in the

variation of the property parameters. Essentially, this means that the

disturbance equaticru. for the velocity and concentration are independent.
The velocity and density profiles found by solving the momentum and

diffusion equations were substituted into Eqs. (24) and (25) yielding

the results shown in Fig, 27. It is apparent that in an isothermal

binary boundary layer, injection of any material will be destabilizing,
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but this effect tends to decrease as the molecular weight of the

material increases. The hydrogen, then, appears to be more destabilizing

than the heavier gases, carbon dioxide and iodine. This is the result

primarily of the higher velocity necessary to supply the low density

gas in sufficient amounts to satisfy the blowing parameter relationship.

The injection of hydrogen at the wall is somewhat snalagous to heat

transfer from the wall in that it reduces the density in the neighborhood

of the wval. This density reduction encourages a corresponding decrease

in the skin-friction coefficient. It has been bhown in earlier sections

that hydrogen is the most effective agent for maus-transfer reduction of

heat transfer and skin friction. It is, however, also the most desta-

bilizing. Iodine vapor and carbon dioxide, which are less efficient in

reducing heat transfer and skin friction, show much less destabilizing

action. As the first approximation, Fig. 27 may be used in conjunction

with Fig. 22 to determine the optimum injectant to effect a given wall

temperature condition while maintaining a maximum stability. A study is

now under way to obtain some very accurate compressible multi-component

boundary layer Information which will be acceptable for a more rigorous

stability analysis.

The more complex problem of the compressible, binary, boundary layer

flow has been treated by E. E. Covert(21) using a Tollmien-Schlichting

perturbation analysis. He showed that the perturbation equations may

be solved in exactly the same manner as for a single component gas

except for the implicit effects of the foreign gas on the local flow

properties,thoreby justifying the approach of Gross.(8) This procedure

holds for relatively small injection rates, where the boundary layer

assumptions are still valid. Covert found that the stability
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characteristics could be calculated for an n-cemponent boundary layer

using the steady-state velocity and density profiles. For a given range

of Mach number, one may establish a boundary layer completely stable to

two-dimenqional subsonic disturbances simply by cooling the surface.

Covert calculated values of the wall temperature required for complete

stability over a range of Mach numbers with the mass-transfer rate as

another parameter (see Fig. 28). It should be noted that his calcu-

lations are based on the solution of the inviscid disturbance equations.

Helium, carbon dioxide, and air injection were considered.

In general, it may be noted for all three injectants that an

increase in the injection rate normally results in lower surface

temperatures at the re-entry speeds of present day interest. This

decrease in the surface temperature tends to stabilize the laminar

•oundary layer. This should be particularly true for the injection of

huavy molecules since these will result in the same effect as cooling

on a solid wall, namely increasing the density near the surface. How-

ever, it is obvious that the act of injection introduces a disturbance

in the boundary layer by decelerating the flow. This will certainly be

destabilizing at high injection rates. Therefore, we may expect a

counterbalancing of stabilizing and destabilizing effects. The net

result will depend upon the efficiency of the injected material in

cooling the boundary layer. Figure 29 shows the minimum temperature

ratio for the injection of helium as a function of Mach number with the

dimensionless mass transfer rate as a parameter as determined by Covert.

It is indeed so that for a Mach number below 3.5, the injection of this

light gas reduces the stability character of a single component layer.
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However, as the Mach number increases, the adiabatic wall temperature

rises very rapidly causing a high enthalpy region near the wall. The

helium with its high specific heat injected into the hot boundary layer

acts as a coolant decreasing the enthalpy near the wall, and the over-

all effect is to increase the minimum wall temperature ratio. An

interesting conclusion of Covert is that no amount of air or carbon

dioxide injection will increase the minimum temperature ratio. This

agrees with the result shown previously by the isothermal Reynolds

number calculations.

XERIMENTAL STUDIES

Sziklas and Banas(7) have reported results of experimental work

with a 7-inch 17-deg apex angle porous cone operating at Mach 2.6. The

injected coolants were helium and air. Velocity profiles at various

Injection rates are given. The helium data for (oo/Peue)%/ R 0.08

indicated profiles which agreed with theoretical calculations, but at

a value of 0.14 this agreement was no longer true and the profile was

transitional. The corresponding case for air showed agreement up to

(Pwvw/Peue) /Re/ x 0.02, but the last injection rate again gave a

transitional profile. These results indicate that mass injection rates

of sufficient magnitude to produce significant cooling effects do not

show a pronounced tendency toward turbulence.

Leaden, Scott, and Anderson(23) used a 20-deg angle cone at a Mach

number of 5. The injectants were helium and air. The non-ideal

permeability (and consequent use of a modified blowing parameter) of

the model and largo scatter in the data make interpretation difficult.

Nevertheless, it was shown that the heat-transfer results of the porous
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model (zero blowing) were quite similar to these for a smooth model.

The transition Reynolds number w th zero blowing ( - 2.5 x 106) on the

porous model was about half as large as that for a similar smooth

model. Finally, the authors point out that the boundary layer was

quite stable to air and helium injection.

Scott, Anderson) and Elgin(24) have made measurements on the effects

of helium and air injection on boundary layer transition on a 16-deg

porous cone model at a Mach number of 3.7. They determined transition

position with the use of shadovgraph photographs. The dimensionless

transition Reynolds number was plotted against the corresponding value

of the injection parameter, as shown in Fig. 29. The percentage decrease

of Ret/Reto is not large for injection rates which produce significant

cooling effects. In addition, the order of the mass-transfer rates and

the rate of decrease between helium and air is similar to the isothermal

theoretical results obtained earlier.(8)
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VI1. MASS-TRANFER COOLING IN A TtM3UIMN BOMNAIRY LAYE

Unlike laminar flow, it is not possible to solve rigorously the

governing equations for turbulent binary boundary layer flow in a

direct manner. Rather, a variety of indirect approaches have been

suggested ranging from the simple film theory to more complex mixing

length analyses. The simple film theory or Couette flow model

conceptually replaces the actual boundary layer by a film of constant

thickness, neglecting any variations in the flew direction as compared

with those across the film.(2", 26) Although this approach does not

yield all details of the flow, it does predict the over-all effect of

mass transfer on skin friction and heat transfer quite well. More

detailed mixing length analyses which require empirical data to

accomplish a final solution have been advanced for air injectien by

Dorrance and Dore,(27) Rubesin,(28) and van Driest.(29) The first two

references are applicable to the flat plate geometry, with Dorrance and

Dore restricting their analysis to a Prandtl number of unity and

assuming the turbulent boundary layer extends down to the surface.

The analyses of Rubesin apply to a Prandtl number of 0.7, consider

viscous dissipation, and allow for a laminar sublayer and a turbulent

core. The incompressible analysis of van Driest considers the laminar

sublayer and turbulent core using somewhat different assumptions than

those of Rubesin for the flat-plate geometry, but in addition, van

Driest extends the analysis to apply to air injection into a turbulent

boundary layer in the region of either a two-dimensional or three-

dimensional stagation point. The results of Pubesin and van Driest

are essentially in agreement with each other for the flat-plate
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geometry and are samewhat higher than the prediction of Dorrance and

Dore *

A number of experimental results are reported for air injection

into a turbulent boundary layer on zero pressure gradient surfaces, (26,

51-35) thereby providing a check on the above predictions. Figure

30 compares the available heat-transfer results in the form of Stanton

numbers with the several analyses, It may be seen that the three

analyses do not differ very markedly although Dorrance and Dore are

somewhat lower. The experimental data covering a range of Mach numbers

from 0 to 3 show considerable scatter but nevertheless the trend is

correctly predicted by all three analyses* Similar results for skin

friction are shown in Fig. 31 and the bulk of the data tend to agree

with the prediction of Rubesin and van Driest. The only conflicting

evidence is the experimental data of Mickley and Davis(35) which show

skin-friction values much lower than the other investigators -- even

lower than predicted by the film theory. Since the majority of the

experimental data favor Rubesin and van Driest, It appears at the

present time that this represents the more realistic and certainly the

more conservative estimate of skin friction and heat transfer in the

presence of air injection.

The effect of pressure gradient on heat transfer and skin friction

in the presence of mass transfer in turbulent flow is apparently

minimized when the results are presented in the coordinates shown in

Figs. 30 and 31. The analysis of van Driest indicates that the same

*Dorrance discusses this discrepancyiWbich arises from the form he
assumes for his velocity distribution.(70)



RM-2516

0 In

OHM,

0,0

CLC

MIn

OHO~
Ho0



EM-251L6
68

C4-0

CkJ

E E

E~ E

-6 N-
4- 4-N

E E)0

o w

O *it

00, ~
0000

w a 1 U



RM-2516
69

curve shown for the flat plate may also be used for turbulent flow in

the region of two- and three-dimensional stagnation points.

The calculation of beat transfer requires the knowledge of the

recovery factor in addition to the above-cited Stanton number. The

theory of Rubesin predicts that there is no effect of air injection on

the recovery factor for turbulent flow. However, this is in diriagree-

ment with experimental evidence. (01, 32, 33) Since same of the

assumptions used in the analysis of Bubesin have not been confirmed,

greater weight must be given to the experimental results. These are

sW narized in Fig. 32 and the curve drawn through the data may be used

as a guide in predicting the recovery factor for air injection into a

turbt, At boundary layer.

For foreign gas addition to a turbulent boundary layer on a flat

plate, the skin-friction results of Pappas(3 6 ) and Ward and Harmon*

are available and are represented in Fig. 33. These predictions, valid

for low Mach numbers, demonstrate the advantage of the lightweight

gases, helium and hydrogen, in reducing skin friction. The heavier

gases, freon and teflon) are obviously less effective in reducing skin

friction, but surprisingly their performance is not appreciably poorer

than that of air.

For heat transfer, the mixing length analysis of Rubesin and

Pappas(37) predicts the performance shown in Fig. 34 for light-gas

injection into a turbulent air boundary layer on a flat plate, The

limited available experimental data for helium-air(31, 38) suggest an

even greater reduction than predicted by the analysis. The predicted

recovery factor shows no change from the solid wall value when light

*T. E. Ward and D. B. Harmon, personal communication, March 1959.
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gases a"e injected into a turbulent boundary layer, and at. the present

time the experimental data are insufficient to justify any definite

conclus ions

To determine the influence of molecular weight of the coolant as

on the heat transfer and skin friction, the mass-transfer parameter was

pUtted against the molecular weight at a constant value of the reduced

parameter, of/efe and Q./C., of 0.5. The results are shown in Fig. 35

where it is seen that the molecular weight appears to play a more

sensitive role for ".... light gas, while the heavier gases are less

sensitive to this property. An estimate of the reduced skin-friction

coefficient and Stanton numbers for other coolants may be obtained from

the presentation in Fig. 35.
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VIII. SUBLIMATION COOLING

Sublimation is defined as the physical change encountered by a sub-

stance in passing from the solid to the gaseous phase. It is characterized

by the absence of any intermediate liquid phase. Reference to a pressure-

temperature phase diagram makes it apparent that sublimation processes

occur at relatively low pressures and temperatures. The temperature at

which the vapor pressure of the solid equals the total pressure of the

gas phase in contact with it is defined

as the sublimation point. The snow point Liquid

is defined as that temperature at which
P Solid

the vapor pressure of the solid is equal

to the partial pressure of the substance Vapor

in the gaseous phase. It is clear then T

that our interest lies in the snow point and not in the sublimation

point. A foreign gas concentration of unity at the surface (i.e., sur-

face at the sublimation point) would imply a blowing rate high enough to

blow the boundary layer from the surface. In generals, the vapor pressure

of the solid material will be a function only of its temperature for

equilibrium conditions.

The sublimation-cooling system has already been described briefly

in the Introduction. The phase change occurring at the wall imposes an

additional restraint on the boundary layer equations in the form of

another boundary condition wihich relates the wall temperature to the

concentration of foreign material by the Clausius-Clapeyron eruation
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Y

w - 0 B___ exp, -H0/R (26)(M - 1 w pe

Yw 0 concentration of sublimating material at the wall

-.m/m2

B - constant of integration

Pe pressure at the edge of beundary layer

4Es M heat of sublimation per mole

R - universal gas constant

The introduction of this boundary condition implies that a met of unique

values of the boundary layer functions exist once the external pressure,

temperature, Mach number, and the surface material have been specified.

Changing the external conditions then automatically defines a new set of

funotions. Consequently we may regard the subliming systemi as self-

regulating since the conditions at the wall respond automatically and

uniquely to changes in free-stream conditions. The variation of q/qo

with the mass-transfer parameter for a C02-air mixture is shown in

Fig. 22. If we specify that solid carbon dioxide is subliming into a

laminar boundary layer with fixed. external flow conditions, then only

one point on the curve will satisfy all the boundary conditions. Since

Baron's parameter correlates the Mach number and wall-temperature effects

on the heat transfer, it is possible to approximat• the variation of the

normalized heat transfer, q/qo, with the mass-transfer parameter by a

straight-line relationship. This fact coupled with linear approximation

to the mass-transfer parameter-wall concentration (see Appendix B)

relation and the Clausius-Clapeyron equation will generate a simple
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algebraic representation between the wall temperature of a subliming

material and the external conditions.

This equation was derived(39) and applied to systems in which ice,

carbon dioxide, and ferrous chloride are subliming. The results are

shown in Fig. 36. The wall temperature is quite insensitive to Mach

number. On the other hand, variation in altitude (external pressure)

brings about marked changes in the temperature at the surface. The

external pressure is in the denominator of the Clausius-Clapyron equation

and is quite important in determining the level of the wall temperature.

The increased heat load brought about by larger Mach numbers is absorbed

by the greater mass-transfer paiameter (increased surface sublimation)

rather than by large temperature increases. This accounts for the

insensitivity to Mach number variation.

Our equations are, of course, dependent on the condition of equil-

ibrium. As the external pressure decreases, the sublimation pressure is

reached very quickly and at extremely low wall concentrations. This

implies that only very high blowing rates are possible at extreme

altitudes. This is not true because different conditions are applicable

at high altitudes. As the pressure is reduced, the surface molecules

see fewer and fewer air molecules. Consequently, the region over the

surface becomes less crowded until a situation is reached where

essentially all the molecules which leave the surface escape. In this

case the sublimation rate will no longer be limited by diffusion, but

will tend toward the absolute rate of sublimation.(40)

m (27)
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go gravitational constant

u condensation coefficient

All the quantities here may be calculated with the exception of a,

the condensation coefficient. This is usually determined experimentally

and it has been fotmd that it is relatively small in the case of polar

compounds and close to unity for non-polar materials. The absolute

temperature of the surface will also be an important factor for it will

determine if a truly "clean" surface exists. For T w 10000K we may

assume that the absorbed layer is no longer present at extremely low

pressures. Therefore the maximum blowing rate we may expect is:

-l (ZýV1 e~ PvW w R0(28)
eue4 nRw Peue x

However, in this case of rarefied flow, the heating rate is no

longer affected by the efflux of vapor from the surface. That is, the

heating rate is independent of the sublimation rate. The surface

temperature and consequently the sublimation rate, however, adjust

themselves so as to balance the heat input by heat absorption through

sublimation. That is:

q a 6H a (29)

where q is determined by flight velocity and altitude and vehicle

geometry.
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Appendix A

ADDITIONAL VERIFICATION OF THE DIMENSIONLESS PRESENTATIONS

In this section the reduced skin friction *f/Cfo and heat transfer

q/qo are plotted as functions of the mass-transfer parameter for all of

the injected materials. (Figs. 37,38.) It may be seen that the summary

cuwve given in the main body of the report accurately represents the

calculated performance.

Furthermore, the Stanton number and recovery factors are given in

detail. (Figs. 39-l2.) In the-latter case, it is apparent that

discrepancies exist in the case of hydrogen-air and helium-air, probably

due to the uncertainty in the physical property values under such

extreme temperature conditions.
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Appendix B

RELATION BETWEEN WALL CONCENTRATION AND MASS-TRANSFER PARAMETER

In the treatment of a subliming surface, it is important to know

the relationship between the vall mass fraction and the dimensionless

mass-transfer rate. A generalized presentation of the Wall mass

fraction for each gas appears possible with the aid of the Baron

"qriable (P•F v/p •-) AR/iex/* and these are shown for some five

gases in Figs. 1i3-46. A summaizing curve is also available in Fig. 146.
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Appendix C

ON THE USE OF MASS-TRANSFER RESULTS FOR PREDICTION OF M' TRASFER

It is rather common practice to obtain experimentally rmee-transfer

Stanton numbers, CM, using materials which sublime or evaporate, such as

napthalene or water, and to interpret these results directlLy as solid

Vail heat-transfer Stanton number, CHO (in some instances - torrection

factor involving the Lewis number is applied). However, acnsiderable

caution must be exercised in this procedure as is obvious 'rma a com-

parison of Fig. 47 with Fig. 18 of the main text. Figure 318 shows the

heat-transfer Stanton numbers in the form of CH/CHo, where CE is the

heat-transfer Stanton number in the presence of mass tramneer, while HO

Is the Stanton number for a solid wall exposed to the san free stream

conditions (i.e., CHO is the limiting value of CH as the mes-transfer

rate goes to zero), Figure 47 is a similar curve for the~anes -transfer

Stanton number, CM, again normalized with respect to the mmlue at the

zero mass-transfer condition. For water vapor-air and C02-aix mixtures

the limiting Stanton values, CHo and CWo are in good agre•oMnt (i.e.,

C - C ) and since CM/CMo does not depart appreciably from unity over

a range of mass-transfer rates, it would appear that the amaeured mass-

transfer Stanton number, OM, for these two systems could inadeed be

interpreted as solid wall heat-transfer Stanton n=mber, O R, However,

for the other gas mixtures, it must be concluded that comsderable error

would arise in the use of this procedure.
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